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Abstract 
An increasing number of applications of scintillators at low temperatures, particularly in 
cryogenic experiments searching for rare events, has motivated the investigation of scintillation 
properties of materials over a wide temperature range. This paper provides an overview of the 
latest results on the study of luminescence, absorption and scintillation properties of materials 
selected for rare event searches so far. These include CaWO4, ZnWO4, CdWO4, MgWO4, 
CaMoO4, CdMoO4, Bi4Ge3O12, CaF2, MgF2, ZnSe and AL2O3-Ti. We discuss the progress 
achieved in research and development of these scintillators, both in material preparation and in 
the understanding of scintillation mechanisms, as well as the underlying physics. To understand 
the origin of the performance limitation of self-activated scintillators we employed a semi-
empirical model of conversion of high energy radiation into light and made appropriate 
provision for effects of temperature and energy transfer. We conclude that the low-temperature 
value of the light yield of some modern scintillators, namely CaWO4, CdWO4 and Bi4Ge3O12, is 
close to the theoretical limit. Finally, we discuss the advantages and limitations of different 
materials with emphasis on their application as cryogenic phonon-scintillation detectors (CPSD) 
in rare event search experiments.  
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1. Introduction 
The research on scintillation materials has a long and venerable history that saw 
alternating periods of a great enthusiasm and disinterest. The appearance of scintillators was 
prompted by a need for detection of ionising radiation that followed the discovery of X-rays and 
natural radioactivity at the end of the 19th century. CaWO4 [1] and ZnS [2] were the first 
scintillation materials introduced for practical detection of high-energy photons and particles. It 
was not too long before scintillators began to play an important role in explorations and 
eventually underpinned several important scientific breakthroughs that shaped modern science. 
Perhaps the most renowned is Rutherford’s study of radioactivity and the discovery of atomic 
electronic structure [3]. In the late 1940s the first single crystal scintillator NaI-Tl was found [4] 
and since then the development of new scintillation materials exhibited continued progress 
throughout several decades [5].  
The development of scintillation materials was always motivated by the application of 
ionising radiation across many fields of technology (medical diagnostics, well-logging, flaw 
detection, security measures) as well as requirements in advanced detectors for fundamental 
science. During the last decade there has been an increase in interest in scintillators driven by 
several major developments. For example, dynamical medical imaging requires very fast data 
acquisition. This prompted a search for high light yield, fast scintillators, which resulted in the 
introduction of several new Ce-doped compounds [6]. The need for scintillation detectors with 
high stopping power and short response time for high-energy accelerator physics has lead to the 
development of lead tungstate scintillators [7]. These in turn gave a strong impetus to studies of 
the physical processes of conversion of high-energy radiation into light in scintillation materials 
(see e.g. [8, 9, 10] and reference therein). 
A new field of application for scintillators emerged recently through strong interest in 
rare event searches [11]. Finding neutrino-less double-beta decay and detecting Weakly 
Interacting Massive Particles (WIMP) requires detectors capable of discriminating the weak and 
rare signal over the dominating background of spurious events caused by natural radioactivity 
and cosmic rays. The Milano group [12] were first in experimentally realising an idea expressed 
earlier in [13]. They demonstrated that simultaneous detection of heat and a light signal by 
cryogenic detectors holds great promise as it allows recognition of the type of particle 
interaction (neutrons, α- / β-particles or γ-quanta). This enables efficient identification of 
 4 
nuclear recoils (caused by WIMP and also neutron interactions) by eliminating electron recoils 
due to radioactive background. Thus, a new generation of hybrid cryogenic phonon-scintillation 
detectors (CPSD), combining powerful background discrimination with remarkable energy 
threshold and resolution, has been developed and introduced into experimental practice [14, 15].  
The active background rejection using a combination of phonon and scintillation responses 
provides a well resolved signal down to very low energies (≤ 10 keV) and the search for rare 
events is the field that benefits especially from the development of this technique. Evidence for 
the effectiveness of the new detection technique comes from recent results obtained in 
experiments searching for WIMP dark matter [16], and in studies of very long-lived isotopes 
[17, 18] that would have been impossible to achieve without CPSDs. It is now widely agreed 
that CPSDs are ideal to reach the sensitivity levels required by future experiments searching for 
dark matter [19] and double-beta decay [20].  
Inorganic scintillators are a key component of CPSD and identification, characterisation 
and optimisation of scintillation materials for low-temperature application are important tasks 
for achieving the required sensitivity. Since the publication of a first review paper on this topic 
[21] there has been a swift increase in research activities and the development of scintillator 
materials for cryogenic rare event search experiments that resulted in a number of publications 
[22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35] as well as designated workshops 
(CryoScint [36] and RPScint [37]).  
It is the aim of this paper to discuss the latest progress achieved in research and 
development of scintillation materials for these applications, both in material preparation and in 
the understanding of the scintillation mechanisms, as well as the underlying physics. The results 
obtained through studying optical, luminescence and scintillation characteristics of the materials 
selected so far for rare event searches will be presented. Systematic studies of these properties 
are shown to be a highly-effective method for understanding the origins of the basic 
performance limits of known materials. Further advances should lead to new or improved 
compounds for a new generation of cryogenic scintillation detectors. 
 
2. Characterisation of materials for CPSD 
 
2.1 Experimental  
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To measure scintillation characteristics of materials over a wide range of temperatures we 
used the multi-photon counting (MPC) technique [38, 39]. The MPC is based on recording a 
sequence of photoelectron pulses produced by a PMT when detecting photons from a 
scintillation event. Each pulse in the sequence corresponds to an individual photon impinging on 
the photocathode of the PMT. The distribution of arrival times of the photons provides 
information on the decay characteristics of the scintillation process, while the number of photons 
detected per event is proportional to the light yield of the scintillator. Thus, recording a large 
number of scintillation events (103 – 104) one can obtain the characteristics of decay time and 
light output in a single measurement.  
The measurements of scintillation properties discussed here were carried out in a 4He-flow 
cryostat using an 241Am α-source (5.5 MeV). For compatibility of the experimental results we 
measured samples of the same dimensions (5×5×1 mm3) and maintained a fixed geometry of the 
experiment. Provided these conditions are fulfilled, the accuracy of the measurements is 
assessed to be within 10%. The error on the relative measurements of the light output for 
different materials is 30%, as it includes additionally the errors of the measurements of 
luminescence spectra and the spectral sensitivity of PMT. 
The spectroscopic properties of the materials, especially absorption and luminescence 
spectra are also of significance for scintillation applications. Studies of these characteristics can 
give information on the factors affecting the quality of a scintillators. The luminescence spectra 
presented here were measured using high-energy VUV excitation using the synchrotron 
radiation source at HASYLAB (DESY); they are corrected for the spectral response of the 
detection system. The absorption spectra were measured using a Perkin-Elmer Lambda 9 
spectrophotometer.  
The experimental samples discussed in this study were obtained from different sources. 
CaWO4, CaMoO4 and ZnWO4 are the off-cuts of Czochralski-grown crystals used for the 
production of cryogenic scintillation detectors. They where supplied by SRC Carat, Lviv, 
Ukraine (CaWO4 and CaMoO4) and Institute for Scintillation Materials, Kharkiv, Ukraine 
(ZnWO4). The Institute for Single Crystal also provided the samples of ZnMoO4, MgWO4 and 
supplied commercial samples of Bi4Ge3O12, ZnSe and Al2O3-Ti. The samples of CdMoO4, 
CdWO4, CaF2 and MgF2 where received from Hilger Crystals (Margate, UK).   
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2.2. Luminescence spectra  
 
CaWO4, ZnWO4 and CaMoO4 are currently materials of first choice for cryogenic dark 
matter search. While CaWO4 and ZnWO4 have a long history of practical application as 
detectors of ionising radiation that resulted in a significant amount of relevant information 
gathered by generations of scientists [40, 41, 42], the scintillation properties of CaMoO4 became 
of interest only recently [27, 43]. Nonetheless the spectroscopic properties of these crystals have 
been studied for decades [44, 45, 46, 47.] and recently we investigated them extensively [48, 
49].  
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Fig. 1. Luminescence spectra of CaWO4 (1), ZnWO4 (2), CaMoO4 (3) CdMoO4 (4) and 
ZnMoO4 (5) measured at T=8 K for excitation with 31 eV VUV photons.   
  
High-energy excitation of the crystals under investigation gives rise to broad band emission 
with a maximum at 420 (CaWO4) 510 (ZnWO4) and 540 nm (CaMoO4), as shown in Fig.1a. 
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Figure 1b displays the emission spectra of CdMoO4 and ZnMoO4 crystals that exhibit a peak at 
575 and 610 nm. A common feature of the luminescence spectra of the crystals is their 
asymmetrical shape that indicates a composite character of the emission. Calculation studies of 
the electronic structure of the crystals confirmed that the upper occupied states have mostly O 
2p character and the lower unoccupied band is mainly made of d-states of the W or Mo [50, 51]. 
Therefore, to describe the luminescence properties of tungstates and molybdates, emphasis is 
usually placed on the coordination number and the geometry of this complex. It is now generally 
accepted that the high-energy band is due to the radiative recombination of a self-trapped 
electron, localised at the oxyanion complex [MeOn] (Me=W or Mo) while the emission in the 
low-energy part of the spectrum is usually attributed to the defect, i.e. [MeOn] complex with the 
oxygen vacancy [52]. It is worthwhile to note that recent theoretical [53, 54] and experimental 
investigations [55] demonstrated that the Jahn-Teller interaction can also contribute to the 
complex structure of the emission spectrum in the crystals of interest. 
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Fig. 2. (a) Luminescence spectra of CaF2 (1), MgF2 (2) and ZnSe (3) measured at excitation 
with 31 eV VUV photons. (b) Luminescence spectra of Al2O3-Ti measured at excitation with 31 
(4) and 6 eV photons (5).  T=8 K. 
 
With increasing temperature the emission maxima shift towards higher energy and the 
luminescence spectra exhibit broadening; such thermal changes are due to the interaction of the 
(MeOn) emission centre with lattice vibrations [56, 49, 57]. The total intensity of the emission 
decreases as the temperature increases and that is explained by the effect of thermal quenching 
(see further discussion in chapter 2.4). 
The luminescence spectra of MgF2 and CaF2 are displayed in figure 2a. Calcium fluoride 
exhibits a main emission band at 280 nm, the intensity of which strongly increases with cooling. 
Magnesium fluoride emits no light at room temperature; the luminescence, peaking at 385 nm, is 
observed only at low temperatures. The luminescence properties of binary fluorides has been 
studied a while ago [58, 59, 60, 61] and it is now generally accepted that the emission is due to 
the radiative decay of triplet self-trapped excitons.  
Figure 2a shows the luminescence spectrum of undoped ZnS. The emission spectrum of ZnSe 
is very similar to that of ZnSe-Te, and the same concerns the luminescence kinetics of both 
materials [24]. According to [62] the main emission band of ZnSe-Te, peaking at 640 nm, is 
assigned to the radiative recombination process that occurs within the Zni-VZn-TeSe complex. In 
terms of this model the electron recombines with the hole captured by the hole centre (VZn) 
while Te ions substituting for Se facilitate the hole capture process at high temperatures. Since 
Te does not participate directly in the emission process we inferred that the luminescence 
properties of undoped ZnSe are due to the same mechanism, namely the radiative recombination 
of electrons and holes captured at zinc vacancies.   
The luminescence properties of Ti-doped sapphire under high-energy excitation have been 
studied using different techniques [31, 63]. The luminescence spectra of the crystal (see fig. 2b) 
exhibit three main emission bands peaking at 290, 430 and 740 nm. The near-infrared emission 
band is due to the well known d-d transition in Ti3+ ions. From the results of extensive studies of 
the emission and the kinetic characteristics we concluded that the ultraviolet emission band is 
due to the radiative decay of excitons localised at Ti3+ ions [63]. The nature of the blue band 
remained a subject of extensive discussion for long, until recently investigations of the 
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concentration dependences of the luminescence of Al2O3-Ti resulted in an important finding. It 
was observed that the intensity of the 430 nm band increases as the concentration of Ti 
decreases [31]. This provided a firm argument for the emission being an inherent property of the 
host matrix and it was attributed to the emission of F-centres. This emission band makes a 
significant contribution to the total light emitted by the scintillator at a low concentration of Ti 
(~10 ppm). Therefore, manufacturing crystals with a high content of anion vacancies is 
suggested for the improvement of the scintillation yield [31]. Focusing on increasing the light 
yield (number of photons emitted) in the blue emission band would favour improving the 
detection efficiency of sapphire CPSD. This is because the signal from a cryogenic calorimeter 
is proportional to the total energy it absorbs, and thus, for the same light yield, scintillation at 
higher photon energies is preferred..  
 
2.3. Optical absorption spectra  
 
The use of large scintillation targets implies that self-absorption of the emitted light may 
considerably reduce the amount of energy that reaches the light detector. This effect is 
especially important in crystals with a high index of refraction since more photons are trapped 
inside the scintillator volume and there are fewer chances for escape [64]. The optimisation of 
ZnWO4 provides a convincing illustration of this effect: the increase of the scintillation light 
output by 40% was achieved by virtue of fourfold reduction of the absorption coefficient in the 
region of the emission band [25]. Therefore the understanding of the features of absorption in 
scintillating materials is vital.  
As a rule, the absorption spectra of tungstate and molybdate crystals exhibit sharp 
absorption, characteristic of a fundamental absorption edge. It is often accompanied by a low-
energy absorption tail that is attributed to defects or impurities and serves as a good indicator of 
material quality. The spectra displayed in figure 3 depict these features in the absorption of 
several crystals under study. As can be seen, two samples (MgWO4 and ZnMoO4) exhibit strong 
absorption below the fundamental absorption edge. We deduce that this is due to the presence of 
impurities or defects. It is worth remarking that both crystals are experimental samples that have 
been produced for the first time and their optimisation is only at the very beginning. Other (high 
quality) crystals exhibit steep absorption that can be attributed to the generic absorption edge. 
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Fig. 3 (a) Absorption spectra of tungstate crystals: 1- MgWO4, 2-CaWO4, 3- ZnWO4, 4- 
CdWO4. (b) Absorption spectra of molybdate crystals: 1- CaMoO4, 2-ZnMoO4, 3- CdMoO4. 
T=295 K. 
 
Recently Lacomba–Peraales et al [65] discussed a correlation between the value of the band 
gap energy of tungstates and the ionic radius of the bivalent cation. From the data presented in 
fig. 3 we infer that the structure of the crystal affects the absorption more significantly than the 
size of the constitutive cations. Indeed, the absorption edges of the tungstates with wolframite 
structure (MgWO4, CdWO4 and ZnWO4) are very close, while that of CaWO4 with scheelite 
structure is shifted to high energies. The underlying explanation of this effect lies in the 
electronic structure of the bands that determine the absorption edge of the crystals. Theoretical 
calculations established that the top of the valence band in tungstate and molybdate crystals is 
dominated by O 2p states. The difference arises from the structure of the bottom of the 
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conduction band. In CaWO4 it is formed by W 5d states located at higher energies whereas in 
wolframite there is noticeable contribution from the s-states of bivalent cations [51].  
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Fig. 4 (a) Temperature variation of absorption spectra of CaWO4: 1- 295 K, 2 - 252 K, 3 - 
203 K, 4 - 146 K 5 - 100 K, 6 - 8 K. The scale of the x-axis is zoomed for visualisation of the 
changes. (b) Absorption spectra of Al2O3-Ti (700 ppm) measured at T=295 (red) and 8 K 
(black).  
 
The molybdate crystals evidence the effect of energy structure even further. There is a 
marked difference in the position of the absorption edge of CdMoO4 and CaMoO4 although both 
crystals adopt sheelite structure. This can be readily understood using the results of theoretical 
calculation of the energy structure of the crystals [66]. In CaMoO4 4d-states of Mo dominate the 
bottom of the conduction band whereas in CdMoO4 there is noticeable contribution from Cd 5s 
to the conduction states that resembles the electronic structure inherent for CdWO4. This 
explains the large difference in the energy gap of these crystals. From the position of the 
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absorption edge of ZnMoO4 it is also clear that a simple correlation between the cation radius 
and band gap energy does not hold in molybdates; their absorption properties should be 
considered in the framework of energy structure, requiring theoretical calculations.  
Finally, we make a remark related to the cryogenic aspect of operation of scintillators. As 
was shown by numerous studies, the absorption coefficient of dielectrics obey the classical 
Urbach rule [67] suggesting a blue shift of the fundamental absorption edge with cooling. This is 
due to the broadening of the band gap of the crystal with decreasing temperature. As example of 
such a shift, data for CaWO4 are displayed in fig. 4a. Therefore, cooling generally reduces the 
absorption of scintillation light in the volume of the crystal, favouring cryogenic application of 
intrinsic scintillators. In the case of doped scintillators, such as Al2O3-Ti, impurities or defects 
are responsible for the structure of the absorption edge. As can be seen from fig. 4b the 
temperature has only a minor effect and this feature of doped materials must be taken into 
account.    
   
2.4. Scintillation characteristics and their temperature dependences  
 
Like in any other application, the use of a material as a cryogenic scintillator in the first 
place relies on an efficient process of conversion of ionizing radiation into light. The 
measurement of the temperature dependence of the scintillation light output is a direct way to 
assess the feasibility of the material for this application. Moreover, studies of temperature 
dependence of decay times and the light yield give an opportunity to gain insight into the 
features of the scintillation process in the material, and to identify possible routes for 
improvements.  
 
2.4.1. Calcium tungstate (CaWO4) 
Historically, calcium tungstate was the first scintillation target that was actively used in a 
cryogenic experiment searching for dark matter [15, 68]. This naturally evoked a large interest 
in this material and prompted a number of studies of luminescence [49, 57], lattice dynamics 
[69] and phonon propagation [70] down to cryogenic temperatures. First we studied the 
temperature variation of scintillation properties of CaWO4 as well as many other materials over 
the 350 down to 9 K range using MPC [38, 21]. Since the temperature dependant processes 
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affecting the emission of solids (energy transport and thermal quenching) appear not to change 
significantly with temperature below ~10 K it is expected that the results obtained at this 
temperature can provide instructive information on the major scintillation characteristics at 
millikelvin temperatures. Although quite consistent with the fundamentals of solid state physics, 
this intuitive notion needed experimental proof that has been eventually delivered when 
scintillation properties of CaWO4 where investigated down to 0.020 K [26].  
Figure 5a shows the variation of scintillation light output of CaWO4 over the 0.020 – 
350 K temperature range. At high temperatures (> 250 K) the light output is dominated by 
thermal quenching: as the probability of non-radiative decays increases strongly with 
temperature, the emission intensity decreases. From 20 to 250 K one observes only a small 
reduction in the light output. The enhancement observed at ~20 K can be attributed to the 
contribution from the radiative recombination of carriers captured by shallow traps. In the region 
between 0.02 and 10 K the light output remains constant within the error limits. The latter is the 
most important practical finding of this study, as it provides an explicit demonstration of the 
constancy of the light yield in the operating temperature range of CPSDs.  
The temperature dependence of the decay time constant of CaWO4 is shown in figure 5b. It 
illustrates the features of the scintillation kinetics in tungstates and molybdates with the general 
formula AMeO4 (A=Ca, Mg, Zn, Cd; and Me=Mo, W). These materials are considered to be 
slow scintillators at room temperatures. The scintillation decay curve is usually presented as a 
sum of two or three exponential components as following:  
 ∑ −+=
i
ii tAytf )/exp()( 0 τ ,        (1) 
where 0y  is background, iA  and iτ  are amplitude and decay time constants.  It should be noted 
that the decay process is mainly controlled by the component with the long decay time whose 
relative weight (product ii Aτ ) is dominant. The decay time constant is of the order of a few 
microseconds at room temperature and increases by a few orders of magnitude when the crystal 
is cooled. Such behaviour of the long decay constant is a characteristic of the decay kinetics of 
tungstates, molybdates as well as other scintillators.  
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Fig. 5. (a) Temperature dependence of scintillation light output of CaWO4 measured at 
excitation with 5.5 MeV α-particles from 241Am. (b) Temperature dependence of the long 
scintillation decay time constant of CaWO4. The solid curve displays the result of the best fit to 
the experimental data using the three-level model shown in inset (Eq.2). Parameters of the fit 
are: 1k  = 3.0×10
3
 s–1, 2k  = 1.1×10
5
 s–1, D  = 4.4 meV, K  = 8.6×109 s–1, E∆  = 320 meV. The 
dotted lines indicate the value of scintillation parameters at T=295 K.  
 
The decay kinetic of CaWO4 and its temperature dependence was analysed within the 
framework of a simple three-level model of the emission centre with one metastable level. The 
key features of this model have been suggested by Beard et al. [71] to provide a qualitative 
interpretation of the radiative decay in tungstates. Using the differential equations that describe 
the dynamics of population of the levels in the case of thermal equilibrium we derived the 
following expression for the temperature dependence of the decay time constantτ : 
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)exp(1 21 kTEK
kTD
kTDkk ∆−+
−+
−+
=
τ
,      (2) 
where 1k  and 2k  are the probabilities of radiative decay from levels 1 and 2 separated by an 
energy gap D , K  is the probability for the non-radiative decay rate and E∆  is the energy 
barrier of the non-radiative quenching process. It should be noted that the three-level model does 
not account for the energy transfer processes that provide additional channels for the radiative 
relaxation at moderate temperatures. Nonetheless, as can be seen from fig 5a, Eq. (2) provides 
adequate fitting to the experimental results. Therefore the model offers a sensible 
approximation, allowing to describe the features of the decay kinetics and to give the parameters 
of the relaxed excited state of the emission centre in CaWO4. 
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Fig.6. Temperature dependence of the scintillation light output in CaWO4 (1), ZnWO4 (2), 
CdWO4 (3), MgWO4 (4) and CaMoO4 (5) measured at excitation with 5.5 MeV α-particles from 
241Am. 
 
 
2.4.2. Other tungstates and molybdates  
The results of these investigations of calcium tungstate proved that data from studies at 
~10 K can be used to assess the suitability of scintillation materials for cryogenic applications. 
This provided the basis for benchmarking of all other materials. The variation of scintillation 
light yield of several tungstate and molybdate crystals in the temperature range 8-310 K is 
displayed in figure 6. The relative light yield was obtained from pulse height spectra by 
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correcting for the spectral sensitivity of the photodetector. Table 1 summarises the results of our 
studies of the main scintillation properties of these as well as other potentially interesting 
materials. The measured dependences show a very similar trend in all crystals under study. In 
tungstates, at first, the light yield rapidly increases as the temperature is lowered to T~250-280 
K. In terms of a classical model this roll-off temperature evidences the start of the thermally 
activated quenching process. Below this temperature the light yield exhibits moderate changes 
and at T<100 K it flattens. It should be noted that at low temperatures ZnWO4 and CdWO4 
exhibit superior scintillation efficiency in comparison with calcium tungstate. The relative light 
output of optimised samples is about 120 and 145% with respect to CaWO4 (see table 1). The 
molybdates exhibit qualitatively the same features but the temperature of the thermal quenching 
is considerably lower. CaMoO4 is the only compound exhibiting a practically useful light yield 
at room temperature, about 55% that of CaWO4 [43]. The scintillation light yield of cadmium 
molybdate is reasonably high only at low temperatures. 
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Fig. 7. Temperature dependence of the principal scintillation decay time constant of CdWO4 (1), 
ZnWO4 (2), MgWO4 (3) and CaMoO4 (4) measured at excitation with 5.5 MeV α-particles from 
241Am. The data are presented on a log-log scale for better visualisation of general trends with 
temperature. 
 
Figure 7 shows the scintillation decay time constant of wolframite tungstates and 
CaMoO4 measured over the 8-310 K temperature range. The long scintillation decay time 
constant changes by more than an order of magnitude with cooling to cryogenic temperatures. 
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Despite obvious differences, the dependencies exhibit several features which are common to all 
crystals. In the high temperature range the kinetics of the radiative decay is dominated by 
thermal quenching and the scintillation decay constant rapidly increases with cooling. As is seen 
from fig. 7 this part of the )(Tf=τ  dependence is especially noticeable in CaMoO4. This is 
because the thermal quenching in calcium molybdate starts at much lower temperatures 
compared with tungstate crystals. Below the roll-off temperature the non-radiative processes are 
much less efficient and the increase of the decay time constant is less pronounced. The character 
of the scintillation kinetics changes abruptly below 20 K: it demonstrates considerable slowing 
of the decay. As is demonstrated for CaWO4, this is due to the fine energy structure of the 
emitting centre in tungstates and molybdates that constitutes a metastable level a few meV 
below the emitting one. Since the experimental results do not extend below 5 K, we did not 
endeavour to map out the dynamics of decay processes by applying the model developed for 
CaWO4 as it is strongly affected by the character of )(Tf=τ  dependence in the millikelvin 
range. It should be noted that relevant studies of the CdWO4 and ZnWO4 luminescence for 
optical excitation made [72] are consistent with our results and corroborate such model.  
  The scintillation decay time constants of the crystals studied at temperatures of 295 K 
and 9 K are listed in Table 1. An analysis of the temperature changes of the scintillation decay 
time constant shows that in the crystals with scheelite structure (CaWO4, CaMoO4 and 
CdMoO4) it is substantially longer than in the tungstates with wolframite structure (MgWO4, 
ZnWO4 and CdWO4). Apparently the magnitude of the effect that lifts the degeneracy of the 
emission levels and leads to the formation of a separate metastable state depends on the structure 
of the emission centre in the crystal. Overall the timing characteristics of the tungstates and 
molybdates currently pose no concern for applications in cryogenic rare event search. 
Nevertheless, the shorter decay time constants of wolframites can offer some advantage for 
pulse shape analysis – an option that is now being looked into.  
 
Table 1. Scintillation properties of crystals for cryogenic rare event searches  
Decay time, µs (α-
particle excitation)  
Light output, (relative 
to CaWO4 at 9K)* 
Crystal Density, 
g/cm3 
Emission 
peak, nm  
295 K 9 K 295 K 9 K 
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CaWO4 6.06 420 9  360 55 100 
MgWO4 5.66 480 36 90 30 40 
ZnWO4 7.87 490 24 110 60 120 
CdWO4 7.90 480 14 180 80 145 
CaMoO4 4.35 540 16 380 30 95 
CdMoO4 6.07 550 - 460 - 80 
Bi4Ge3O12 7.13 480 0.43 138 45 150 
CaF2 3.18 280 1 930 15 60 
MgF2 3.17 385 - 8900 - 70 
Al2O3-Ti 3.98 290;430;740 0.15;…;3 … 15 30 
ZnSe 5.42 640 - 8** - 120 
* - light output in the units proportional to the number of emitted photons 
** - decay time constant represents the time interval leading to an intensity reduction by an 
order of magnitude ( 1.0τ ). 
 
Here we would like to remark on other tungstates and molybdates for which the 
scintillation properties were studied down to cryogenic temperatures, i.e. PbWO4, PbMoO4, 
ZnMoO4 and MgMoO4. The two last compounds, ZnMoO4 and especially MgMoO4 are very 
poor scintillators even at low temperatures. The low symmetry of the crystal structure and the 
high degree of disorder are believed to be the principal contributions responsible for the low 
luminescence efficiency of these compounds [73]. There is some scope for application of 
ZnMoO4 in the search for neutrinoless 2β-decay [74] but MgMoO4 is not anymore considered. 
Lead tungstate and molybdate have a low temperature of luminescence quenching and 
consequently exhibit very low luminescence yield at room temperature.  This improves with 
cooling and at cryogenic temperatures the scintillation light output of pure PbWO4 and PbMoO4 
is fairly high [28]. These crystals could certainly be used as cryogenic scintillators but at present 
excessive contamination by radioactive 210Pb isotope spoils their application in rare event 
searches. Production of these materials with the required level of purity is certainly a path to 
pursue and such attempts are being undertaken by scintillator manufacturers.  
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2.4.3. Bismuth germanate (Bi4Ge3O12) 
Bi4Ge3O12 is a classical example of an intrinsic scintillator that has been extensively 
examined at room temperatures but very little has been known about the low temperature 
scintillation properties of this compound. Recent studies of Moszynski et al [75] indicated a 
significant (factor of three) increase of the light yield at T=77 K. We measured the temperature 
dependence of the light output and the decay time of Bi4Ge3O12 from room temperature down to 
6 K [30]. The variation of the scintillation light output with temperature demonstrates the 
features that are common for intrinsic scintillators. As the temperature decreases to 100 K the 
scintillation light output of the crystal increases steadily (see fig. 8a). At lower temperature, 
however, the scintillation response remains virtually constant. The total light output of the 
scintillator increases by a factor of ~3.5 from T=295 K to 6 K. This estimate, based on the 
absolute room temperature value of scintillation efficiency [75], gives a light yield of Bi4Ge3O12 
at 6 K equal to 23700±2600 ph/MeV, which is that of 150% of CaWO4 (see table 1).  
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Fig. 8. (a) Temperature dependence of the scintillation light output of Bi4Ge3O12. (b) 
Temperature dependence of the main scintillation decay time constant of Bi4Ge3O12. The solid 
curve displays the result of the best fit to the experimental data using the three-level model 
(Eq.2). The parameters of the fit are: 1k  = 7.5×10
3
 s
−1
, 2k  =4.5±0.3×10
5
 s
−1
, D  = 6.4±0.5 meV, 
K  = 1.3±0.2×108 s−1, E∆  = 105±4 meV. 
 
Figure 8b shows the variation of the main decay time constants with temperature. The 
character of the temperature dependence of the decay time constant observed for Bi4Ge3O12 is 
typical for the three-level model of the emitting centre constituting a ground and two excited 
levels of which the lower one is metastable. The luminescence of Bi4Ge3O12 is attributed to the 
radiative transition within Bi3+, and given the electron configuration of excited state of Bi3+, it 
can be understood by referring to the model discussed above (Sec. 2.4.1) . The emission at low 
temperatures originates from the 3P0 metastable level, while at higher temperature transitions 
occurs mainly between the excited 3P1 and the ground 1S0 states. The model predicts the 
existence of the low-temperature plateau in the )(Tf=τ dependence and the gradual decrease 
of the decay time constant with temperature, caused by establishing a thermal equilibrium 
between the two emitting levels. The shortening of the decay time constant τ  with increasing 
temperature T  can be understood as the result of a thermally-activated re-population of excited 
states and their non-radiative de-excitation.  
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Fig. 9. (a) Temperature dependence of the scintillation light output in CaF2 (1) and MgF2 
(2). (b) Temperature dependence of the main scintillation decay time constant of CaF2 (1) and 
MgF2 (2). 
 
2.4.4. Fluorides  
The results of comprehensive measurements of scintillation properties of pure CaF2 and MgF2 
over a wide temperature range (9-300 K) are reported in [22] and [37]. The temperature 
variation of the scintillation light output and the main decay time constant in the crystals are 
shown in fig. 9a and b, respectively. It can be seen that calcium fluoride exhibits measurable 
scintillation at room temperature. The light output of the crystal increases about 2.5-fold with 
decreasing temperature. Magnesium fluoride, in contrast, shows no scintillation at room 
temperature. The emission appears after cooling the crystal to below 70 K, where it rises steeply, 
reaching the maximum at ca. 40 K. Because of the parity-forbidden character of the radiative 
transitions of the triplet STE, the fluorides exhibit very slow (~10−3 s) decay time constant at 
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low temperatures when it is not affected by thermal quenching. This is evidenced by the 
temperature dependence of the main decay time constants of CaF2 and MgF2, shown in fig. 9b. 
The long (microsecond) scintillation decay constants obtained in the present study are consistent 
with previous findings [60], suggesting that the scintillation of the fluoride crystals originates 
exclusively from the radiative transition of a triplet STE and that no impurities or defects are 
involved in the emission process. Estimates of the low-temperature light output of the fluoride 
relative to CaWO4 give 60% and 70 % for CaF2 and MgF2, respectively (see table 1), indicating 
that  fluoride crystals are potentially good cryogenic scintillators. It is worthwhile recalling that 
CaF2 is the material on which the concept of simultaneous detection of scintillation and phonon 
response for discrimination between the nuclear and electron recoils has been tested for the first 
time [12].  
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Fig.10. (a) Temperature dependence of the scintillation light output in Al2O3-Ti (700 ppm).  
(b) Temperature dependence of the scintillation light output in ZnSe-Te (1) and pure ZnSe (2). 
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2.4.5 Ti-doped sapphire and ZnSe  
The studies of scintillation properties of ZnSe and Al2O3-Ti encountered a number of 
technical difficulties. The principal problem is that the main luminescence band of ZnSe and 
Al2O3-Ti are located in the red and near infrared spectral region (640 and 740 nm, respectively), 
where the sensitivity of conventional photomultipliers used for detection of scintillation is poor. 
Owing to this, the evaluation of the light yield is subjected to large errors. Furthermore these 
crystals exhibit complex decay kinetics. For ZnSe it is due to the recombination character of the 
luminescence whereas for Ti-doped sapphire it is due to a composite character of the emission: 
the bands peaking at 290, 430 and 740 nm are caused by different luminescence mechanisms 
that manifest essentially different timing characteristics; i.e. nanosecond decay for exciton 
emission, millisecond decay for Ti3+ and microsecond decay for F-centre emission [63, 76]. In 
both cases a multi-exponential fit to such complex decay is problematic. Therefore, here we 
present merely the results on relative changes of the light output of these crystals with 
temperature. In Ti-doped sapphire the light yield increases gradually with cooling and remains 
constant below the roll-off temperature which is 150 K (see fig. 10a). The temperature changes 
are controlled by the processes of thermal quenching. The total increase of the light output of Ti-
doped Al2O3 at cooling to 9 K is by a factor of two [31, 63]. The nominal concentration of 
titanium was found to be between 50 and 100 ppm; for this concentration the low-temperature 
light output of the Al2O3-Ti-doped sapphire is assessed to be 30% of CaWO4.  
To estimate the light output of zinc selenide we carried out comparative measurements of 
temperature dependences of the light yield for Te-doped and pure ZnSe. As can be seen from 
fig. 10b there is a marked dissimilarity in the dependences. This points to differences in the 
mechanisms that control the scintillation process in pure and doped crystals at different 
temperatures. In doped crystals, the scintillation efficiency is governed to a major extent by the 
efficiency of the energy transfer from the host to the emitting centres. Thus, the light output of 
ZnSe-Te first increases with cooling (stage of thermal quenching) then it decreases below 
T=225 K and, finally, below T=50 K it remains constant. The decrease of the light output of 
ZnSe-Te below the critical temperature of 225 K suggests that with cooling the probability of 
the energy transfer reduces, illustrating hereby a characteristic feature of doped scintillators. In 
contrast, pure ZnSe exhibits a temperature dependence of the light output which is typical for 
self-activated scintillators. According to fig. 10b the light output of ZnSe at low temperature is 
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very close to what ZnSe-Te exhibits at room temperature. Based upon the room temperature 
value of the absolute scintillation yield of ZnSe-Te, 28300 ph/MeV [77] we estimated that the 
relative light yield of ZnSe at 9 K is in excess of CaWO4 (see Table 1).  The results of our low-
temperature characterisation of zinc selenide evidenced that this material has very good 
prospects for cryogenic applications.  
 
 
3. Discussion  
 
3.1. Energy efficiency of scintillators in framework of phenomenological model 
  
When the incoming high-energy photon or particle is absorbed in a material it creates many 
electrons and holes through the photoelectric effect, Compton scattering and pair production. 
Within very short time (10−12 s) the electron-hole pairs become thermalised in the conduction 
and valence bands when the major part of their energy is transferred to phonons1. Only a small 
fraction of the deposited energy is transferred into scintillation. The conventional approach to 
the assessment of the efficiency of the scintillation phenomenon is based upon the semi-
empirical theory of conversion of high energy radiation into light. The process is divided into 
three consecutive stages: absorption of the high-energy radiation and creation of charge carriers, 
energy transfer to the emission centre and finally, the luminescence stage [78, 79, 80, 81, 82]. 
Following this distinction the number of photons emitted by a scintillator can be expressed as 
the product of three parameters: 
SQNN heph −= ,        (3) 
where heN −  is the number of electron hole pairs created, S  is the probability of energy transfer 
to the luminescence centre and Q  is the luminescence quantum efficiency.  
It is possible to derive heN −  from the energy balance of the process introducing the 
parameter of conversion efficiency B . It is defined as the ratio of electron-hole pairs created in 
the conversion process heN −  to their maximum possible number maxN : 
 25 
maxN
N
B he−= .            (4) 
The value of maxN  can be calculated if one knows the minimum energy necessary to create a 
secondary electron-hole pair in the material with energy gap gE . From the consideration based 
on the energy conservation law it is apparent that this energy should be > gE2  (minimum energy 
for electron-electron scattering or the Auger-process). Using a simple phenomenological model, 
Shockley [83] estimated this value for semiconductors to be ~ gE3 . Later, based on the results of 
Monte Carlo simulations, Robins [84] derived that the lowest energy needed to produce a 
secondary electron-hole pair is equal to gE35.2 . This allows writing the expression for the 
number of electron-hole pairs produced by a high-energy quantum of energy γE : 
B
E
E
BNN
g
he 35.2max
γ
==
−
.       (5) 
        
Substituting (5) into (3) gives the expression for the number of produced scintillation photons: 
BSQ
E
E
SQNN
g
heph 35.2
γ
==
−
.      (6) 
Finally the equation for the energy efficiency of the scintillation process can be written as 
follows: 
BSQ
E
E
E
NE
g
ph
35.2
λ
γ
λη == ,       (7) 
where λE  is the energy of the scintillation photon
2
.  
                                                                                                                                                             
1
 The energy carried by phonons can be subsequently measured via the “phonon channel” of CPSD. Though this 
channel is of primary importance for the operation of the CPSD as a radiation sensor its further discussion lies 
outside the scope of this work that deals exclusively with the scintillation aspect. 
2
 In some recent publications this equation is written in a slightly different format:  
SQ
E
E
gα
η λ=           
with the comment that the parameter α  is a phenomenological parameter varying between 2-3 [10], 2-4 [80] or 2-7 
[5]. As such, this implies that α  includes the conversion efficiency factor B as a variable ( B/35.2=α ). In this 
work we follow the approach of [78] which allows gaining a better insight into the details of the energy conversion 
process in materials.  
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The expression for the conversion efficiency B  was derived by Lempicki et al [78, 79] 
on the basis of Robin’s model of the energy conversion process in phosphors [84]. This model 
takes into account energy losses due to phonon-assisted thermalisation processes in different 
materials. It has been shown that the conversion efficiency can be expressed by the following 
relation [79]:  
K
B
65.01
1
+
=         (8) 
The parameter K , responsible for the losses, is defined as the ratio of energy lost by optical 
phonons to the energy lost for an ionisation event. This is a material dependent parameter that 
can be calculated as following [84]: 
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∞
.     (9)
   
Here 
∞
ε  and 0ε  are the high-frequency and static dielectric constants, LOωh  is the energy of the 
longitudinal optical phonons, dominating the rate of phonon-mediated energy loss in solids.  
Combining (8) and (9) with (7) gives the expression to start with for assessing the performance 
limits of different scintillation materials:  
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The expression contains two unknown parameters, i.e. S  and Q , so such assessment is usually 
done under the assumption that the quantum efficiency Q  is equal to unity [78, 79, 80, 84]. This 
assumption is reasonably justified since for many materials of interest, specifically for activated 
phosphors, the quantum efficiency measured at room temperature is >0.9 [85, 86]. This seems to 
be the case, too, for activated scintillators: an absolute quantum efficiency of NaI-Tl at room 
temperature has been reported as 0.83±0.07 [87].  
Concerning the probability of energy transfer S  it is commonly agreed that in general 
this is an unknown quantity, creating a large uncertainty when a comparison with experimental 
results is attempted. Though adequate models of the transfer stage have been developed for 
activated alkali halides [88] and Ce-doped scintillators [89, 90], theoretical analysis of this 
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process provides no unambiguous, quantitative answer since the probability of capture for the 
exciton at the activator site is a function of excitation density and activator concentration. 
Nonetheless for the optimal concentration of activator in NaI-Tl and for low density of the initial 
excitations the value of S  is estimated as 0.89 [88]. Therefore it seems reasonable to assume 
that at least for some materials the transfer efficiency can be close to 1, which is adopted by 
some authors to estimate the maximum energy efficiency maxη of scintillation materials [80, 84]. 
 However, a more practical approach is to use experimental results to derive the transfer 
efficiency that permits to verify the correctness of the model and to assess the performance limit 
of the materials. The usefulness of this approach has been demonstrated in [78, 79] where the 
scintillation properties of a few materials where analysed and it was shown that the low transfer 
efficiency in several cases is the factor limiting the light output. It was also demonstrated that 
for few activated scintillators their performance is close to the limit defined by the condition that 
quantum efficiency and transfer efficiency approach unity.  The data for three scintillators that 
illustrate this finding, i.e. NaI-Tl, CsI-Tl and LaCl3-Ce, are listed in the Table 2. It should be 
noted that the physical parameters are taken from the Ref. [78] unless other indicated. We also 
used here the latest data on the measurements of scintillation light yield that should improve 
overall accuracy.  
Taking into consideration that Tl-doped NaI and CsI have been around for a long time it 
is very likely that their performance reached the fundamental limit. Admittedly this is also true 
for LaCl3-Ce, which has been subjected to extensive technological development over the last 
decade because of its commercial success. Altogether this gives us the encouraging indication 
that, despite of the semi-empirical character, the methodology used provides a useful framework 
for the treatment of the scintillation process in solids and yields reasonable results for activated 
scintillators. 
   
Table 2. Parameters of scintillators. 
Material T, K gE , 
eV  
LOωh , 
meV 
∞
ε a) 0ε  B  λE ,  
eV 
Q  S  LY, 
ph/keV 
η , 
% 
NaI-Tl 295 5.9 22 3.1 6.9 0.91 3.0 0.8387 0.80 4491 13.2 
CsI-Tl 295 6.4 11 3.1 6.4 0.97 2.3 1b) 0.88 5791 13.1 
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LaCl3-Ce 295 6.892 2793 3.794 9.394 0.89 3.7 1 b) 0.83 4891 17.8 
            
295 5.0 45 4.6 16.3 0.76 2.5 0.1395 0.86 7.291 1.8 Bi4Ge3O12  
80       0.4495 0.79 22.775 5.7 
295 5.257 10896 3.5 10.496 0.41 2.9 0.7697 0.61 15.898 4.6 CaWO4 
9       1 b) 0.85 28.7* 8.3 
295 4.099 11396 3.8 10.896 0.37 2.3 0.41100 0.55 8.943 2.0 CaMoO4 
9       1b) 0.87 27.3* 6.2 
CdWO4 295 4.265 112101 5.0 17102 0.43 2.6 0.76b) 0.83 27.4103 7.1 
 9       1 b) 0.90 39.6* 10.2 
*- our results; a) - calculated as 2n=
∞
ε ; b) estimate.  
 
3.2. Features of the scintillation process in intrinsic scintillators 
 
The next step is the extension of this methodology to intrinsic (or self-activated) 
scintillators. In these materials luminescence is the property of the constituent elements of the 
host lattice which eliminates the need for the energy transfer. As a result of this, the parameter, 
characterising the probability of energy transfer ( S ), can be assumed to be unity, and that 
should reduce the uncertainty of results obtained from Eq. (8).  
However there are two important issues to bear in mind while dealing with these 
materials. First is the temperature dependence of the quantum efficiency. This effect, which 
leads to non-radiative losses, can be quite substantial for many compounds and must be taken 
into account. The luminescence quantum efficiency is unity only at low temperatures and 
decreases with heating according to the classical Mott equation [104]: 
  )/exp(1
1
kTEC
Q
∆−+
= ,       (11) 
where C  is the frequency constant that characterises the rate of the non-radiative decay, E∆  is 
the activation energy, k  is the Boltzmann constant and T  is the temperature. The bismuth 
germanate scintillator (Bi4Ge3O12) is a classical example that can be used to demonstrate the 
importance of this effect. The light yield of this material at room temperature is fairly low and as 
can be concluded from inspecting Table 1 this is mainly due to a very low quantum efficiency 
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(0.13). As the temperature decreases to 80 K the quantum efficiency increases and that explains 
the substantial increase of the light yield of Bi4Ge3O12. The temperature variation of the 
quantum efficiency is an important issue which is directly related to the subject of this study.  
Interestingly, the gain in light yield of Bi4Ge3O12 is governed almost exclusively by the 
change of the quantum efficiency, indicating that the parameter S  varies only insignificantly 
with temperature. The results obtained in the framework of this model evidenced that the 
assumption of S  being close to unity is quite reasonable. However at this point we should recall 
an important second feature of intrinsic scintillators. The energy transfer process in these 
materials plays essentially a different role compared to that in activated scintillators. Since the 
luminescence centres are present in every lattice cell, the effect of energy transfer is a 
detrimental process as it allows the excitations to be captured by quenching centres and be 
dissipated without radiation. In a way this is an extreme example of concentration quenching in 
a lattice composed exclusively of luminescence ions. Thus, though mathematically equation (10) 
remains the same, the meaning of S  should be understood as a fraction of excitations reclaimed 
by luminescence centres. Such a feature of the energy transfer stage in intrinsic scintillators has 
a very important consequence: the lower probabilities of the energy transfer process in an 
intrinsic scintillator results in a higher probability for the excitations to be converted into 
scintillation light.  
We can now consider the implications this issues impose upon the scintillation properties 
of intrinsic scintillators of our interest. First, it is useful to recall a few general notions from the 
energy transfer theory relevant to the interpretation of these results. It is generally acknowledged 
that exciton migration plays a decisive role in the energy transport process in both activated and 
intrinsic scintillators. The exciton migration is treated as a number of a single-step energy 
transfer processes in terms of a random walk model. The two most important single-step 
mechanisms of the energy transfer process are multipolar  and exchange interactions. The rate of 
energy transfer between two ions is a function of distance R  between these ions [105]:  
 
6)/1( RPdd ∝  (dipole-dipole interaction)      (12) 
   
)exp( RPex −∝  (exchange interaction)      (13) 
The single-step mechanisms exhibit only weak temperature dependence, whereas the energy 
transfer controlled by excitons varies strongly with temperature; the temperature dependence is 
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contained in the diffusion coefficient D  and is defined by a physical process that limits the 
mean free path of the exciton.  
The details of the energy transfer process can be studied by measuring the temperature 
and concentration dependences of luminescence in activated materials. Neikirk and Powell [106] 
examined this process in Bi4Ge3O12 doped with 1% Er3+ and concluded that at low temperature 
the excitons are immobile and the transfer of energy to the activators is a single-step interaction 
process. At high temperature, thermally activated migration of excitons is responsible for the 
energy transfer. Nonetheless, the short diffusion length of excitons at room temperature (20 Å) 
makes the energy transfer process between activator ions rather inefficient. Note that in 
contemporary scintillation crystals the tolerable concentration of quenching centres is a few 
orders of magnitude lower than 1% [107]. Combining these facts we can put forward the 
conclusion that because of the short distance of exciton migration, the probability for excitations 
to reach the quenching centres is low at any temperature in Bi4Ge3O12. This explains the high 
value of S  in this crystal.  
 
3.3. Features of the scintillation process in tungstate and molybdate crystals: effect of 
structure. 
  
Let us now consider the scintillation properties of tungstate and molybdate scintillators. 
Table 2 lists the parameters characterising the scintillation process in three crystals: CaWO4, 
CaMoO4, and CdWO4. These crystals are selected because we were able to collect all 
parameters that are necessary for the assessment of scintillation performance. Inspection of 
Table 2 shows that the conversion efficiency B  is very similar in all tungstates and slightly 
lower in CaMoO4. Apparently, the parameters Q  and S  are responsible for the variation in the 
scintillation light yield. Fortunately, for CaWO4 and CaMoO4 it is possible to put forward a few 
suggestions using the experimental results on measurements of the luminescence quantum 
efficiency. Vyshnevskyi et al [100] showed that the quantum efficiency of CaMoO4 at room 
temperature is 0.41 and at cooling below 100 K it maintains a constant value. The quantum 
efficiency of CaWO4 at room temperature was reported by Botden [97] to be 0.76 and inspection 
of the temperature change of the  quantum efficiency allows to conclude that it is >0.9 below 
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200 K. Using these values and the measured light yield of the crystals we calculated the 
parameter S , characterising the efficiency of the energy transfer stage.  
As can be seen from Table 2, the room temperature values of S  in CaWO4 and CaMoO4 
are very similar but noticeably lower than unity (0.61 and 0.55 respectively). This is a good 
indication that a significant fraction of the excitations is channelled to the quenching centres. On 
the other hand, the low-temperature value of S  is much higher and close to that of Bi4Ge3O12. 
These findings can be readily explained using the results of earlier studies of the energy transfer 
process in CaWO4. Botden [97] investigated the luminescence of Sm-doped tungstates and 
noticed that in CaWO4 the efficiency of the energy transfer from the host lattice to impurity ions 
reaches 0.94 at high temperature. According to the results of Treadaway and Powell [108] the 
exciton diffusion length in CaWO4 is 120 Å at room temperature. Using this number one can 
roughly estimate that for the scenario of isotropic random walk, excitons should experience 
capture during their motion if the concentration of trapping centres is about 8 ppm. We recall 
that the concentration of impurities in a CaWO4 crystal, for which the scintillation light yield 
was measured, is a few tens of ppm [98], which should be reasonable cause for the energy 
losses. As the temperature decreases, the exciton migration ceases and the energy is transferred 
only to the nearest neighbour trough the single-step interaction process [108], being consistent 
with the observed enhancement of S .  
The model of energy transfer through exciton migration can explain the observed 
features in the scintillation characteristics of intrinsic scintillators. This can be further illustrated 
using CdWO4 as example. Since there are no published data on the luminescence quantum 
efficiency of cadmium tungstate based on the similarity of the temperature dependence of the 
light output with CaWO4 (see fig. 6 and also [97]), we made the assumption that this parameter 
should be similar in both crystals. Calculated in such a way the value of S  at high and low 
temperatures is very high (0.83 and 0.90), indicating that the probability of non-radiative losses 
of energy in this crystal is especially low. Clearly, the energy transfer to trapping centres in 
CdWO4 is inhibited. This is consistent with the studies of [97] the luminescence of Sm-doped 
tungstates evidencing that the efficiency of activator emission in CdWO4 and ZnWO4 at any 
temperature is significantly lower compared with that of CaWO4-Sm [97]. Therefore it is now 
reasonable to state that in terms of efficiency of energy transfer there is a substantial difference 
between crystals with scheelite (CaWO4 and CaMoO4) and wolframite structure (CdWO4 and 
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ZnWO4). This difference is believed to be related to the crystal structure of the materials and 
specifically to how the luminescence centres - oxyanion [MeOn] complexes - are linked.  
 
   a)      b) 
Fig. 11. Fragments of the crystal structure of wolframite (a) and scheelite (b). 
Octahedrons in (a) and tethraedrons in (b) represent WO6 and WO4 oxyanion complexes, 
respectively. The positions of metal cations are shown as green spheres. 
 
The crystal structure of wolframite tungstates contains linear zigzag chains of tungstate 
octahedrons connected through the edge sharing (see fig. 11a). The distance between the 
neighbouring W6+ ions in the chain is noticeably shorter than it is between the chains (3.30 and 
5.02 Å respectively for CdWO4). Therefore the wolframite structure exhibits a strong anisotropy 
of the physical properties. Regarding the luminescence process, we have a system with a 
significant difference in the energy transfer rate along the chain of the oxyanion WO6 complex 
when compared with the perpendicular direction. The assessments made for CdWO4, using 
equations (12) and (13), indicate that the energy transfer rate along the chain is 5.5 times higher 
in the case of exchange interaction. The difference is even more impressive (by a factor of 30) if 
one considers a dipole-dipole mechanism of interaction. This means that in tungstates with 
wolframite structure the energy transfer predominantly occurs in one direction, which in turn 
limits the chances of excitation to reach the quenching centre. In the crystals with scheelite 
structure (CaWO4 and CaMoO4) W6+ ions occupying a central position in the primitive cell are 
coordinated tetrahedrally by four oxygen ions. The distance between the neighbouring tungsten 
ions is the same in all directions (3.87 Å) and hence the structure can be considered as a three-
dimensional. The energy transfer process can take place in any direction with the same 
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probability that inevitably fosters a trapping process. Qualitatively this is well supported by the 
observations. Data of table 2 shows that, in comparison with cadmium tungstate, CaWO4 and 
CaMoO4 manifest lower values of S , which is evidence of enhanced energy losses during the 
transfer stage. The difference in the parameter S  for two types of crystal structure is more 
pronounced at high temperature due to activation of the exciton migration process that enhances 
the energy transfer. That is why, as far as scintillation properties are concerned, the wolframite 
crystal structure is much more favourable in comparison with the scheelite structure.  
 
4. Concluding remarks 
 
Operation of scintillation detectors at cryogenic temperatures is a new area of scientific 
and technological research that is attracting growing interest. The quest for efficient cryogenic 
scintillators motivated the investigation of many traditional (CaWO4, CdWO4, ZnWO4, 
Bi4Ge3O12) and less-conventional scintillators (CaMoO4, Al2O3-Ti, CaF2) as well as materials 
that have not been considered as scintillators hitherto (ZnSe, MgF2). We gave an up-to-date 
overview on the low-temperature scintillation properties of these compounds. Regarding the 
major parameter of interest for cryogenic application, the scintillation efficiency,  tungstates and 
molybdates can be ranked by the scintillation light output at low temperature (highest one first): 
CdWO4–ZnWO4–CaWO4–CaMoO4–CdMoO4–MgWO4. Cadmium tungstate is definitely the 
most efficient scintillator over wide temperature range and it is proven to be an excellent choice 
for cryogenic experiment searching for neutrinoless double-beta decay [20, 74]. However, the 
intrinsic radioactivity of the β-active 113Cd spoils its merit of application in dark matter searches. 
Obviously the same caveat applies to cadmium molybdate.  
Calcium tungstate is a scintillator currently used in cryogenic dark matter search. The 
use of this scintillator facilitated the development of the CPSD technique for a dark matter 
search and it is expected that CaWO4 as well as CaMoO4 should be the constituent parts of the 
multi-target absorber in a future experiments [19]. However it is now realised that due to 
constrains imposed by the chemistry of calcium, the purification of Ca-based compounds to the 
level of intrinsic radioactivity acceptable for future experiments is a significant challenge. 
Therefore it is now believed that ZnWO4 holds a biggest promise for dark matter search [109]. 
This is because zinc tungstate, which has been produced as a commercial scintillator for a while, 
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has reached maturity and the material composition favours low intrinsic radioactivity. The 
encouraging results of recent developments in the technology of fabrication of glued phonon 
sensors [33, 110], as well as impressive progress in the production of large zinc tungstate 
crystals of high quality [34] underpin the good prospects for application of this material in future 
cryogenic dark matter experiments.  
We have employed semi-empirical theory of conversion of high-energy radiation in light 
of analysing the efficiency of the scintillation process. We have highlighted that in self-activated 
scintillators the process of energy transfer has a more detrimental effect upon the scintillation 
efficiency as opposed to doped scintillators. This singular significance of the transfer step 
permits to explain some important features of self-activated scintillators, such as temperature 
behaviour or the effect of the crystal structure. It has been shown that the value of parameter S  
that characterises the efficiency of the energy transfer stage in self-activated scintillators is close 
to unity in some compounds at low temperatures, indicating that their scintillation efficiency 
approaches the theoretical limit. We have analysed how the structure of tungstate crystals affects 
the scintillation properties and deduced that the features of the crystal structure of wolframites 
impose a limitation upon the energy transport transforming it into essentially a one-dimensional 
structure. This is a principal reason for better performance characteristics of CdWO4 and 
ZnWO4 (wolframite structure) in comparison with CaWO4 and CaMoO4 (scheelite structure) 
where the energy transfer process is fairly isotropic. Altogether this allows us to make a 
practical conclusion: the same efforts aiming at improving the scintillation properties of these 
crystals will lead to different results. The performance of CdWO4 and ZnWO4 wolframites may 
be noticeably improved for example through the reduction of defects and quenching impurities 
while optimisation of scintillating CaWO4 and CaMoO4 is a more difficult and subsequently 
costly task.  
Low-temperature scintillation studies were carried out for a selected group of other 
promising compounds which hitherto have not been investigated. Due to their high scintillation 
yield at low temperatures, Bi4Ge3O12 and ZnSe are very appealing materials for cryogenic 
applications. The CPSDs with respective targets have already been realised and valuable 
scientific results, such as discovery of α-decay of 209Bi [17] were delivered. Furthermore, 
Bi4Ge3O12 might become an important target permitting a cross comparison with detectors that 
use a germanium semiconductor as target [111]. However due to contamination by natural Bi 
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radiative isotopes this material will need extensive purification to reach the required level of 
radiopurity before it can be used in future experiments searching for rare events. On the other 
hand, recent studies of CPSD with ZnSe confirmed the great promise of this material for future 
cryogenic experiments searching for neutrinoless 2β-decay of 82Se [74].  
 Fluorides and sapphire represent target materials that are particularly favourable to search 
with for the spin-dependent interaction of WIMPs due to 100% abundance of nuclei with non-
zero spin. Measurements of scintillation properties of undoped CaF2 and MgF2 over a wide 
temperature range evidenced that both compounds exhibit high scintillation yield at low 
temperature. Excellent phonon propagation properties of Al2O3 underpinned the use of this 
material as cryogenic detector in the first generation of cryogenic experiments searching for 
dark matter [112]. The extensive studies of Ti-doped Al2O3 carried out recently demonstrated 
that it is an adequate low-temperature scintillator and it is now being tested as CPSD in an 
experimental setup for dark matter search [29, 113]. The feasibility to use fluorides and Al2O3-
Ti as CPSDs opens a possibility to explore new scenarios of interaction in dark matter search.  
 Summing up, in this study we have shown that there are quite a few scintillation materials 
that demonstrate good performance at low temperatures and as such they are well suited for 
applications as CPSD. Currently this application encompasses merely the specialised field of 
search for rare event where particle identification and high energy resolution are indispensable. 
However it is also realised that the high sensitivity and discrimination power of CPSD offers a 
great promise beyond. Whatever future application is thought, it will require significant 
improvement of the performance of identified scintillators as well as new materials for specific 
purposes.  
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